Introduction
============

Topical dosing of ophthalmic drugs to the eye is a widely accepted route of administration due to its convenience, ease of use, and noninvasiveness. Eye drops, suspensions, and ointments account for approximately 90% of commercially available ophthalmic formulations. Eye drops are the conventional approach for the treatment and diagnosis of ocular diseases, which allow accurate doses.[@b1-ijn-8-3587],[@b2-ijn-8-3587] However, this conventional system should not be considered an optimum formulation for the treatment of eye disorders, mainly due to the biopharmaceutical problems related to the special characteristics of the eye that restrict drug bioavailability.[@b3-ijn-8-3587] The eye is partially isolated from the remainder of the body by several types of barriers that impede the effective passage of many drugs, leading to limited absorption.[@b4-ijn-8-3587] Moreover, certain physiological processes might contribute to the poor efficacy of conventional drug formulations; for example, blinking and tear drainage through the lachrymal drainage system can reduce the residence time of topically applied molecules. Additionally, eye drops placed onto the ocular surface are washed away in less than 30 seconds. Altogether, less than 5% of topically administered drugs reach the intraocular tissues.[@b5-ijn-8-3587] As a result, concentrated solutions and frequent dosing are required for the instillation to achieve an adequate level of therapeutic effect, which might cause undesirable side effects due to systemic absorption of drugs through the nasolacrimal duct.[@b6-ijn-8-3587],[@b7-ijn-8-3587] In general, the major disadvantages of the conventional dosage forms are the extremely low bioavailability, short precorneal residence time, and rapid nasolacrimal drainage of the instilled drug.

Different strategies were carried out to improve the precorneal residence time and/or penetration ability of the active ingredient. The development of in situ gel systems has received considerable attention over the past few years. Major progress in the development of ophthalmic formulations has been achieved through ophthalmic gel technology, in the development of droppable gels, called in situ gels, which consist of certain polymers undergoing sol-gel phase transition by an induction of environment conditions, such as pH,[@b8-ijn-8-3587] specific ions,[@b2-ijn-8-3587] and temperature.[@b9-ijn-8-3587] In previous reports, diclofenac sodium in situ gel was shown to have potential as an alternative to the conventional diclofenac sodium eye drop.[@b6-ijn-8-3587] Microgels are crosslinked hydrogel particles that are confined to smaller dimensions. When the microgel particles are submicron sized, they are called nanogels. Previous studies have shown that microgels used as ocular drug delivery systems can increase drug bioavailability and decrease systemic side effects.[@b10-ijn-8-3587],[@b11-ijn-8-3587] Microgels derived from naturally occurring polysaccharides, such as hyaluronic acid (HA), chitosan, and chondroitin sulfate, have recently attracted a great deal of interest in drug delivery due to their high water content, biocompatibility, and functionality, as well as their biodegradation properties, low toxicity, abundance in nature, and low cost.[@b12-ijn-8-3587],[@b13-ijn-8-3587] HA, a linear anionic polysaccharide composed of repeating disaccharide units of D-glucuronic acid and N-acetyl-D-glucosamine, is mainly found in the vitreous body, and in a much lower concentration in the aqueous humor. Thus, ophthalmic products containing HA are used as vitreous replacement and for corneal protection in ocular surgeries.[@b14-ijn-8-3587] In addition, HA has been used as an excipient in contact lens products in order to improve their wettability and comfort.[@b15-ijn-8-3587] In previous reports, HA was suggested as effective treatment for dry eye symptoms, and thus has been used in artificial tears for the treatment of this syndrome.[@b16-ijn-8-3587]

Biodegradable microgels capable of phase transition in response to external stimuli, such as temperature, represent another type of useful building block for ophthalmic applications. Microgel networks are able to host drug molecules with controlled release characteristics.[@b17-ijn-8-3587] Poly(N-isopropylacrylamide) (PNIPAAm) is a well-known thermosensitive polymer with a thermoreversible phase transition temperature of 32°C, which is close to human body surface temperature.[@b18-ijn-8-3587] However, the application of PNIPAAm polymer as an ocular drug delivery system may be restricted by its synthetic nature.[@b19-ijn-8-3587] This limitation has provided the motivation for developing biodegradable PNIPAAm-based polymers by conjugating the PNIPAAm with natural biodegradable polysaccharides such as chitosan, chondroitin sulfate, and HA. A prior study has demonstrated the usefulness of hyaluronic acid-g-poly(N-isopropylacrylamide) (HA-g-PNIPAAm) microgels as an injectable hydrogel for adipose tissue engineering.[@b20-ijn-8-3587] However, as far as we know, very little work has been done regarding the use of HA-g-PNIPAAm microgels for ophthalmic application.

Cyclosporine A (CyA) is a neutral, hydrophobic, cyclic peptide of eleven amino acids which can be isolated from several species of fungi.[@b21-ijn-8-3587],[@b22-ijn-8-3587] Over the past several years, numerous studies have shown the potential applications of CyA in ophthalmology.[@b23-ijn-8-3587],[@b24-ijn-8-3587] Due to its high hydrophobicity and poor aqueous solubility, CyA cannot be formulated into the common aqueous formulations, leading to a low absorption and bioavailability.[@b25-ijn-8-3587] To overcome these obstacles, various ophthalmic formulations have been developed to enhance CyA solubility and bioavailability.[@b26-ijn-8-3587] So far, only one ophthalmic emulsion, RESTASIS® (Allergan Inc, Irvine, CA, USA) has been approved by the US Food and Drug Administration for human use.[@b27-ijn-8-3587] However, this formulation is considered to be poorly tolerated and provides low ocular bioavailability. Thermosensitive in situ forming microgels are known to have good biocompatibility, high drug loading capacity, and controlled drug release characteristics compared with other ophthalmic preparations.[@b28-ijn-8-3587],[@b29-ijn-8-3587] Therefore, these microgels represent promising drug carriers for the ocular administration of hydrophobic drugs.

In this study, a microgel consisting of biocompatible HA and temperature-sensitive PNIPAAm was designed and synthesized by covalently bonding carboxylic end-capped PNIPAAm (PNIPAAm-COOH) to aminated hyaluronic acid (AHA) through amide formation. The resulting microgels would combine the unique properties of their component precursors, where the presence of PNIPAAm in microgels would confer a thermoresponsive capability to HA, while HA with its biological properties could improve the microgels' biocompatibility. Therefore, HA-g-PNIPAAm microgels are expected to improve the penetration of the encapsulated CyA into ocular tissues with a good ocular tolerance, and to provide therapeutic concentrations of CyA in the precorneal area immediately. The aim of the present work was to evaluate the potential of an in situ gel-forming delivery system comprised of HA-g-PNIPAAm microgels as vehicles for enhanced ocular permeation of CyA compared to oil and CyA eye drops.

Materials and methods
=====================

Materials
---------

Hyaluronic acid (HA; molecular weight \~1.1×10 kDa) was purchased from Freda Biochem Co, Ltd (Jinan, People's Republic of China). N-isopropylacrylamide (NIPAAm), adipic dihydrazide (ADH), 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide hydrochloride (EDC), azodiisobutyronitrile (AIBN), Mercaptopropionic acid (MPA), hydrochloric acid (HCl), sodium hydroxide (NaOH), dimethyl formamide (DMF), acetone, and n-hexane were obtained from Aladdin (Shanghai, People's Republic of China). N-isopropylacrylamide (NIPAAm) was purified by recrystallization in ethyl acetate and n-hexane, respectively, before use.

Synthesis of HA-g-PNIPAAm
-------------------------

### Synthesis of PNIPAAm-COOH

PNIPAAm-COOH was synthesized as described previously with some modifications ([Figure 1A](#f1-ijn-8-3587){ref-type="fig"}).[@b30-ijn-8-3587] In brief, 1 g of the recrystallized monomer NIPAAm and 0.02 g of azodiisobutyronitrile were dissolved in 25 mL of methanol in a three-neck flask, then 50 μL of MPA was added into the mixture. The reaction was bubbled with nitrogen atmosphere at 60°C for 24 hours (h). After the reaction was complete, the solvent was evaporated off. The crude product was vacuum-dried, then dissolved in acetone, followed by precipitation in excess cold n-hexane. The precipitate was carefully washed three times with cold n-hexane to remove unreacted products, followed by vacuum drying to get a slightly yellow powder, which was characterized by Fourier transform infrared spectroscopy (FT-IR).

### Synthesis of AHA

AHA was synthesized in aqueous conditions following previously described procedures with slight modifications. First, HA (0.5 g) and hydrazide crosslinker (ADH, 10 g), dissolved in water, were reacted overnight with EDC at pH 4.75, which was adjusted and maintained by adding 0.1 M hydrochloric acid solution to the reaction mixture. In order to quench the reaction, 0.1 M sodium hydroxide was added to adjust the pH of the reaction mixture to 7.0. The resulting solution was dialyzed (molecular weight cut-off \[MWCO\] 3500) against 0.1 M NaCl, then a 25:75 ethanol-water mixture, and finally distilled water. The polymer solution was filtered through a 0.22 μm microporous membrane and lyophilized then stored at 4°C until further use. The structure of AHA was determined by ^1^H nuclear magnetic resonance spectroscopy (300MHz) spectra at ambient temperature using deuterium oxide as a solvent.

### Synthesis of HA-g-PNIPAAm polymer

HA-g-PNIPAAm polymer was synthesized as described previously by grafting PNIPAAm-COOH onto an AHA chain ([Figure 1C](#f1-ijn-8-3587){ref-type="fig"}). We dissolved 0.1 g of AHA in 100 mL distilled water to make a solution. To graft the PNIPAAm-COOH onto AHA, PNIPAAm-COOH was dissolved in distilled water and incubated with EDC, kept in the refrigerator at 4°C for 48 h. As a catalyst, the quantity of EDC needed is 2.5 times that of PNIPAAm. The PNIPAAm-COOH/EDC solution was then added into the AHA solution with agitation, and the pH of the reaction mixture was adjusted to 6.0. The mixture was incubated at room temperature for 24 h before dialysis (MWCO 7000) for 3 days. The residue was freeze dried at −50°C to get HA-g-PNIPAAm polymer, which was kept at 4°C. To verify the HA-g-PNIPAAm polymer structure, proton nuclear magnetic resonance spectra were measured at ambient temperature using deuterium oxide as a solvent.

Characterization of HA-g-PNIPAAm
--------------------------------

The average molecular weight of PNIPAAm-COOH was determined by two methods: end-group titration and rhodamine colorimetry. For the first method 0.5 g of the polymer was dissolved in 10 mL of water and then titrated with 0.01 M sodium hydroxide, in order to determine the concentration of the carboxyl end group. The average molecular weight (MW) was calculated by using the following equation: MW = m/n (m = weight of PNIPAAm titrated n = moles of PNIPAAm carboxyl end groups).

Rhodamine colorimetric method was carried out using rhodamine 6G as a chromogenic agent. Briefly, 10 mg of rhodamine 6G was dissolved in 0.1 M Na~3~PO~4~ buffer solution (pH = 11), followed by extraction with 100 mL of toluene. A red-orange color liquid was obtained as a chromogenic solution. PNIPAAm-COOH was dissolved in a certain volume of N,N-dimethyl formamide to obtain a test solution of 0.5 mg/mL concentration. The test solution was then mixed with an equal volume of the chromogenic solution, and placed in the dark for 30 minutes (min). The absorbance of the resulting solution was detected at 536 nm by UV-visible spectrophotometer. A series with known concentrations of acetic acid in dimethyl formamide was prepared to generate the calibration curve. The samples were then treated as described above, and subsequently analyzed by UV(ultra violet)-visible spectrophotometry. The carboxyl acid concentration in the test solution was determined from the standard curve, which was obtained by plotting the absorbance of samples containing the known concentrations of acetic acid.

The degree of substitution (DS) of HA-g-PNIPAAm was calculated from the following equation:
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where W~HA-g-PNIPAAm~ is the weight of freeze-dried graft copolymer and W~HA~ and W~PNIPAAm-COOH~ are the weights of HA and PNIPAAm-COOH in the feed, respectively.

Preparation of drug-free and CyA-loaded HA-g-PNIPAAm microgels
--------------------------------------------------------------

HA-g-PNIPAAm microgels were prepared by a simple sonication method in aqueous conditions. We dissolved 100 mg of HA-g-PNIPAAm in 10 mL double-distilled water, followed by ultrasonication for 30 min (Ultrasonic Cell Crusher, Beidi-II YJ, Nanjing, People's Republic of China). The samples were then centrifuged at 3,500 rpm for 10 min to remove precipitation. The resulting homogeneous clear solution was stored overnight in a refrigerator at 4°C.

The loading of CyA into microgels was achieved by the incubation method.[@b31-ijn-8-3587] First, 2 mg/mL of blank microgels solution was prepared as described above, followed by the addition of a methanol solution of CyA (1.0 wt%) dropwise into the blank microgels solution with stirring. The mixture was then incubated at 4°C for 24, 48, and 72 h. CyA-loaded HA-g-PNIPAAm (CyA-HAPN) microgels were isolated by centrifugation at 15,000 rpm for 15 min. The resulting solution was dialyzed against the distilled water (MWCO 7000) for 8 h to remove the free CyA, followed by lyophilization.

Characterization of drug-free and CyA-HAPN microgels
----------------------------------------------------

### Drug loading efficiency

CyA concentrations were measured by high-performance liquid chromatography (HPLC; Shimadzu LC-2010 system; Kyoto, Japan) equipped with a Lichrospher™ C18 column (5 mm particle size, 250 mm × 4.6 mm) at 60°C. The mobile phase consisted of acetonitrile, methanol, and water (57:25:18, v/v), with a flow rate of 1.0 mL/min. The detection wavelength was 210 nm, and the volume of the injected sample was 20 μL. The drug loading efficiency of microgels was calculated as follows:
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### Particle size and zeta potential measurement

The particle size and zeta potential were measured by dynamic light scattering (DLS) using a Malvern Zetasizer Nano-ZS90 (Malvern Instruments, Malvern, UK). All of the DLS measurements were performed at a scattering angle of 90°. The measurements were carried out with 2.0 wt% aqueous microgels solutions and repeated three times.

#### Osmotic pressure, surface tension, and pH measurements

Osmotic pressure, surface tension, and pH measurements of HA-g-PNIPAAm microgels were performed by OSMOMAT 030-D (Gonotec GmbH, Berlin, Germany), Dataphysics DC AT 21 (DataPhysics Instruments GmbH, Filderstadt, Germany), pHS-25B (Shanghai Dapu Instruments Co Ltd Shanghai, People's Republic of China), respectively.

### Lower critical solution temperature measurement

The lower critical solution temperature (LCST) was defined as the temperature at which the optical transmittance of the solution reduced to 50% of its original value. To examine the reversible thermoresponse, optical transmittance was measured using a controlled temperature circular program, increasing from 25°C--40°C at 0.5°C/min. The thermoresponsive phase transitions of the aqueous solutions of PNIPAAm-COOH and HA-g-PNIPAAm with different DS were measured with a UV/visible spectrometer (TU-1800; PERSEE, Beijing, People's Republic of China) by monitoring the absorbance of 600 nm light beam through the aqueous solutions.

### Viscosity measurement

HA-g-PNIPAAm microgels were dissolved in distilled water to form a solution with a concentration of 5 wt%. Viscosity at varied temperatures was measured by Viscometer (LVDV-III Ultra, Brookfield Engineering Laboratories, Middleboro, MA, USA). The microgel solution was transferred to the measuring cup, where the temperature was controlled by the circulating water. The samples were equilibrated at 5°C ± 0.5°C for 3 min, and then the microgels' viscosity was measured. The test temperature ranged between 5°C--40°C, and the heating rate was set at 1°C/min. All experiments were repeated three times.

### Morphological observation

The morphological observation was performed by transmission electron microscopy (TEM; H-600; Hitachi, Tokyo, Japan). Additionally, atomic force microscopy (AFM; Nano Scope IIIa; Veeco, Plainview, NY, USA) was used to characterize the surface morphology. The samples of AFM were created using the following process: one drop of properly diluted microgel suspension was placed on the surface of a clean glass wafer and air dried at room temperature. The samples were observed by AFM with a 5 μm scanner in tapping mode.

In vitro release
----------------

The in vitro drug release of CyA-HAPN microgels was investigated by the dialysis method. To start the release, 1 mL of HA-g-PNIPAAm~59~ (degree of substitution; 59) microgels formulation (containing 0.5 mg of CyA) was transferred into a dialysis bag with a membrane MWCO of 140 kDa, which was put into 200 mL of release medium (0.1 M phosphate buffer) and stirred at 100 rpm at 25°C (or 37°C). At predetermined time intervals, 1.5 mL aliquots of the release media were withdrawn and replaced with an equal volume of the fresh solution. The samples were filtered through 220 nm filters and then analyzed by HPLC.

In vivo eye irritation test
---------------------------

The in vivo eye irritation test of the CyA-HAPN microgels formulation and the commercial CyA eye drops were performed in two groups of 12 New Zealand White rabbits. The first group received 25 μL of the CyA-HAPN microgels formulation, which was instilled into the lower conjunctival sac of the rabbit's right eye, while the left eye was kept as a control without manipulation. The second group received the same volume of commercial CyA eye drops, administered as for the first group. The test eye was observed at 0, 5, 10, and 30 min and 1, 6, 12, 24, 48, and 72 h for changes to the cornea, iris, conjunctiva, and chemosis compared to the control. The degree of eye irritation was scored following the modified Draize test.[@b6-ijn-8-3587],[@b32-ijn-8-3587]

In vivo ocular distribution investigation of CyA
------------------------------------------------

All animal experiments were conducted in full compliance with local, national, ethical, and regulatory principles for animal care. New Zealand White rabbits (weighing 2.5\~3 kg), fed on standard laboratory diet at an ambient temperature and humidity in air-conditioned rooms were used for the present studies. Reference formulation for the in vivo studies was CyA castor oil solution. Animals were randomly divided into three groups as follows: Group 1 received CyA solution in castor oil; Group 2 received commercial CyA eye drops; and Group 3 received CyA-HAPN microgels. Each group received the same volume of different formulations (25 μL) containing 500 μg of CyA in six instillations at 10 min intervals, which were instilled topically in the center of the lower cul-de-sac of both eyes using a micropipette. During the instillation, the lower eyelid was pulled slightly away from the globe and returned into normal position immediately after instillation. Great care was taken not to irritate the eye or to touch the cornea. At 0.5, 1, 2, 4, 8, and 24 h following the last instillation of the formulations, ocular tear samples (2 μL) were collected into Eppendorf tubes (Eppendorf AG, Hamburg, Germany) using a capillary tube. Blood samples were taken immediately before sacrificing the animals with a sodium pentobarbital overdose. The conjunctiva, the cornea, the aqueous humor, and the iris/ciliary body were removed from each eye and placed into tubes. The volume of liquid samples and tissue weight were also determined.

Tear samples were directly diluted with 100 μL of methanol and vortexed for 5 min, and then centrifuged at 12,000 rpm for 10 min. The blood samples, aqueous humor samples, and ocular tissue homogenates were extracted by vortexing with 2.4 mL of n-hexane/ethyl ether (1:1, v/v) for 5 min, and centrifuged at 3,500 rpm for 5 min.[@b33-ijn-8-3587] Then 1.8 mL of the upper organic layers were transferred to the centrifuge tube and evaporated. The residues were dissolved in 150 μL of acetonitrile/water (1:1, v/v) by vortexing for 5 min; then 300 μL of n-hexane was added, followed by centrifugation at 3,500 rpm for 5 min. The supernatants were discarded and 300 μL of n-hexane was added again; the mixture was then vortexed for 5 min and centrifuged at 12,000 rpm for 10 min. Aliquots of the supernatants were analyzed by HPLC method.

Results and discussion
======================

Synthesis and characterization of HA-g-PNIPAAm
----------------------------------------------

The chemical compositions of NIPAAm and the synthesized PNIPAAm-COOH were confirmed by FT-IR measurements. In order to conjugate PNIPAAm with HA, the -COOH group provided by MPA was added to the structure of NIPAAm during its polymerization. As shown in [Figure 2B](#f2-ijn-8-3587){ref-type="fig"}, the absorption bands at the 1,714 cm^−1^ peak were assigned to the terminal carboxyl peak of PNIPAAm-COOH, and the typical amide I and II bands at 1,649 and 1,539 cm^−1^. The bending vibrations of isopropyl groups at 1,388 and 1,363 cm^−1^ were observed, respectively, in the spectrum of PNIPAAm-COOH. The telescopic vibration peaks of --CH~2~--, --CH~3~-- were 2,970 cm^−1^, 2,938 cm^−1^, and 2,875 cm^−1^, respectively.

Following the synthesis routes shown in [Figure 1](#f1-ijn-8-3587){ref-type="fig"}, HA-g-PNIPAAm was successfully obtained, as determined by the protein nuclear magnetic resonance (^1^H NMR) spectra, with evidence of proton peaks from the ADH residue ([Figure 3B](#f3-ijn-8-3587){ref-type="fig"}) and PNIPAAm-COOH residues ([Figure 3C](#f3-ijn-8-3587){ref-type="fig"} and [D](#f3-ijn-8-3587){ref-type="fig"}). [Figure 3A](#f3-ijn-8-3587){ref-type="fig"} shows the ^1^H NMR spectrum of HA; the peak at 2.0 ppm was assigned to the acetamido moiety of the N-acetyl-D-glucosamine residue of HA. The peaks between 2.2 ppm and 2.4 ppm refer to the integration of methylene protons of ADH. Seventy-six percent of D-glucuronic acid residues were modified by ADH.[@b34-ijn-8-3587] This was calculated from the ratio of the integrated value of the peak for the methyl proton of ADH residues at 1.62 ppm to that of the methyl proton of N-acetyl-D glucosamine residues at 2.00 ppm.

A typical spectrum of HA-g-PNIPAAm presents both the resonance peaks from ADH and PNIPAAm, demonstrating the occurrence of the grafting reaction.[@b20-ijn-8-3587] As shown in the spectrum, the peaks at 1.1 ppm ([Figure 3C](#f3-ijn-8-3587){ref-type="fig"}) and 3.9 ppm ([Figure 3D](#f3-ijn-8-3587){ref-type="fig"}) are assigned to --CH~3~ and --NH-groups, respectively. The DS values of PNIPAAm controlled by the feed mole ratio of PNIPAAm-COOH are shown in [Table 1](#t1-ijn-8-3587){ref-type="table"}. The results indicated that the DS increased from 23% to 59% with the increase in the feed ratio of PNIPAAm-COOH. The subscript numbers, such as 23, 48 and 59, represented the DS of PNIPAAm-COOH.

Characterization of drug-free and CyA-HAPN microgels
----------------------------------------------------

### Drug loading efficiency

Previous reports have described different structures of PNIPAAm-based core-shell particles with hydrophobic groups as core and hydrophilic groups as shell.[@b36-ijn-8-3587],[@b37-ijn-8-3587] In the PNIPAAm microgels system, there exists a hydrophilic/hydrophobic balance in the NIPAAm unit resulting from the amide group (hydrophilic) and isopropyl group (hydrophobic) regions of the PNIPAAm ([Figure 4](#f4-ijn-8-3587){ref-type="fig"}). As described previously, when the temperature was lower than LCST, the strong H-bonding between the hydrophilic groups and water outweighs the unfavorable free energy related to the exposure of hydrophobic groups to water, leading to a good polymer solubility in water; when the temperature was higher than LCST, the hydrogen bonds are overwhelmed by the hydrophobic interactions between the hydrophobic groups, and osmotic pressure played a major role in the drug release process.[@b38-ijn-8-3587]

In the present study, CyA was chosen as a model drug to be incorporated into HA-g-PNIPAAm microgels. As shown in [Table 2](#t2-ijn-8-3587){ref-type="table"}, the drug loading efficiency of HA-g-PNIPAAm~59~ increased (from 53.47 to 73.92) when the incubation time was increased (from 24 h to 72 h). In addition, the drug loading efficiency increased with the increase of DS, and the highest value was obtained from HA-g-PNIPAAm~59~ microgels. Such a high drug loading efficiency was considered the result of the hydrophobic interactions between CyA and the hydrophobic region (PNIPAAm) of the HA-g-PNIPAAm microgels.

### Physico-chemical properties

The main physico-chemical characteristics of CyA-HAPN microgels are summarized in [Table 1](#t1-ijn-8-3587){ref-type="table"}. The mean particle size of HA-g-PNIPAAm microgels was analyzed by DLS in an aqueous solution. It was found that the mean particle size of HA-g-PNIPAAm microgels decreased from 405 to 188 nm as the DS of PNIPAAm increased, suggesting a more compact hydrophobic inner core was formed due to the increasing of hydrophobic chains. In addition, the particle size of drug-loaded microgels was slightly smaller than those of blank microgels, suggesting that the addition of a hydrophobic drug could induce the microgels to become more compact by the hydrophobic interaction between CyA and the hydrophobic segments of the microgels. In addition, HA-g-PNIPAAm microgels exhibited a negative surface charge. The zeta potential of HA and AHA were −83.63 mv and −35.65 mv, respectively. By grafting PNIPAAm to HA, the zeta potential of HA-g-PNIPAAm microgels was increased owing to the introduction of carboxyl groups in PNIPAAm.[@b35-ijn-8-3587]

The osmotic pressure of HA-g-PNIPAAm microgels was determined by the freezing-point method. As shown in [Table 1](#t1-ijn-8-3587){ref-type="table"}, the osmotic pressure values of different samples were within the normal intraocular pressure range (0.205--0.513 osmol · kg-1). Moreover, the pH values of different formulations were within the range of ocular physiological pH (5.0--9.0).

### Thermal behavior

Generally, the temperature at which the swelling degree of the sample decreases dramatically (the optical transmittance reduced to 50%) is regarded as the LCST.[@b39-ijn-8-3587] [Figure 5](#f5-ijn-8-3587){ref-type="fig"} shows the temperature-dependent absorbance changes of different polymer solutions at 2 wt% and 5 wt% concentrations. The LCST of HA-g-PNIPAAm microgels was around 33°C which was closer to that of ocular surface temperature (34°C). During the heating process, a temperature change from 25°C to 37°C resulted in a dramatic increase of absorbance due to temperature-driven solution-to-gel transition. The approximate gel formation temperatures of PNIPAAm-COOH and HA-g-PNIPAAm~59~ microgels at 2 wt% were 32.3°C ± 0.2°C and 32.7 ± 0.3, respectively. At 5 wt% concentration, HA-g-PNIPAAm~59~ had a slightly higher sol-to-gel phase transition temperature (33.0°C ± 0.3°C) during the heating process in comparison to PNIPAAm-COOH (32.2°C ± 0.2°C). In the PNIPAAm microgels system, there exists a hydrophilic/hydrophobic balance in the NIPAAm unit resulting from the amide group (hydrophilic) and isopropyl group (hydrophobic) regions of the PNIPAAm.[@b40-ijn-8-3587] Similar to the PNIPAAm micro-gels, the HA-g-PNIPAAm microgels became swollen at temperatures below the LCST, but underwent a deswelling process when the temperature was increased. Thus, this increase in the LCST is attributed to the increase of hydrophilic HA.

### Viscosity analysis

The effect of shear rate on viscosity of three kinds of HA-g-PNIPAAm microgels with different DS at 25°C was investigated. As shown in [Figure 6A](#f6-ijn-8-3587){ref-type="fig"}, the microgels' viscosity was markedly decreased when the shear rate was increased, and then it flattened. Moreover, the shear thinning phenomenon became more obvious with the increase in HA-g-PNIPAAm particle size. At 25°C, the microgels were in a swollen state due to the hydrogen bonding between water and microgel particles, which maintained a certain moisture content and allowed the polymer chains to freely extend outward. At high shear rate values, the polymer chains were no longer in a free-stretched state, suggesting a shear thinning behavior of the microgels fluid. These results suggested that HA-g-PNIPAAm microgels showed a non-Newtonian behavior, which was indicated by a higher viscosity at lower shear rates and lower viscosity at higher shear rates. Therefore, the bioavailability of the ocular formulation could be improved even at relatively high viscosity, since the eyelids can still blink freely with a good biological tolerance and without discomfort.

The sol-to-gel transition behaviors were further illustrated by monitoring the microgels' viscosity as a function of temperature ([Figure 6B](#f6-ijn-8-3587){ref-type="fig"}). From 5°C to 31°C, the microgels' viscosity was decreasing with the increase of temperature owing to the role of hydrogen bonding between the microgels and water, while they disappeared between the microgels particles. An abrupt increase in viscosity was observed at around 32°C, meaning that the phase transition process occurred to form the microgels network. This increase in viscosity would be beneficial to extend the drug residence time in the eye, leading to an improved drug bioavailability.

### Morphology

Based on the above results, HA-g-PNIPAAm~59~ exhibited the highest DS and drug loading efficiency. Therefore, the HA-g-PNIPAAm~59~ was selected for further analysis. TEM and AFM images showed that the drug-loaded HA-g-PNIPAAm~59~ microgels were almost spherical in shape, and the size was about 150 nm ([Figure 7](#f7-ijn-8-3587){ref-type="fig"}). The TEM image was further enlarged ([Figure 7B](#f7-ijn-8-3587){ref-type="fig"}) to clearly identify the shape and the morphological structure of the drug-loaded HA-g-PNIPAAm~59~ microgels. The appearance indicates an obvious structure with PNIPAAm (the black region) as the core and HA (the pale region) as the shell. The representative AFM image of HA-g-PNIPAAm~59~ particles ([Figure 7C](#f7-ijn-8-3587){ref-type="fig"} and [D](#f7-ijn-8-3587){ref-type="fig"}) showed that the microgels were also almost spherical in shape, and the size was about 145 nm. However, the microgels size obtained by TEM and AFM were found to be smaller than those obtained by DLS, which might be attributed to the sample preparation methods, due to the shrinkage of the hydrophilic shell of microgels during air-drying and the contribution of hydrodynamic diameter in DLS measurements.

In vitro release of CyA
-----------------------

In vitro CyA release was assayed from HA-g-PNIPAAm microgels with different DS using PBS as the release medium. The cumulative amounts of CyA released from the CyA-HAPN~59~ microgels as a function of time are shown in [Figure 8](#f8-ijn-8-3587){ref-type="fig"}. The drug release of CyA-HAPN~59~ microgels formulation was relatively fast in the initial 12 h, and followed by sustained release profiles. It was also found that there were significant differences between the release behaviors of the drug-loaded microgels at the two investigated temperatures. The cumulative drug release amounts at 37°C within 48 h were significantly higher than that at 25°C. It was anticipated that CyA molecules trapped in the hydrophobic core could gradually diffuse into the hydrophilic shell and then diffuse out of the shell to be released. When heated above LCST, the complex was dissociated, leading to a drug release of CyA due to the coil-to-globule transition of the HA-g-PNIPAAm copolymer. As described previously, when the temperature was lower than LCST, drug release was mainly based on the microgels' swelling spread; when the temperature was higher than LCST, osmotic pressure played a major role in the drug release process.[@b41-ijn-8-3587]

Eye irritation test
-------------------

The results of the eye irritation test of the CyA-HAPN microgels formulation and the commercial CyA eye drops studied in New Zealand White rabbits are shown in [Table 3](#t3-ijn-8-3587){ref-type="table"}. CyA-HAPN microgels did not irritate rabbits' eyes, as seen in the total score of an eye irritation assessment, equaling to 0. As shown in [Figure 9](#f9-ijn-8-3587){ref-type="fig"}, there was a significant difference in the irritant effect between the two formulations. Compared to the commercial CyA eye drops group, the eyes of the rabbits in the group with CyA-HAPN microgels looked normal. The CyA-HAPN microgels were well tolerated by the rabbits, and no macroscopic signs of irritation, redness, or other toxic effects were observed. Therefore, CyA-HAPN microgels can be used as a safe formulation for ophthalmic use.

Distribution of CyA in ocular tissues
-------------------------------------

The topical application of CyA to the eye has been studied in an attempt to reduce the risk of systemic toxicity while minimizing its local therapeutic potential. The biodistribution of CyA in rabbit eye tissues is shown in [Figure 10](#f10-ijn-8-3587){ref-type="fig"}. One of the major problems encountered with the topical delivery of ophthalmic drugs is the rapid and extensive precorneal loss caused by the drainage and high tear fluid turnover. As shown in [Figure 10A](#f10-ijn-8-3587){ref-type="fig"}, the CyA concentration in the tear fluid of the microgels group was lower than that of other formulations at all the time points.

The corneal concentrations of CyA following the topical administration of the three formulations are shown in [Figure 10B](#f10-ijn-8-3587){ref-type="fig"}. CyA solution in castor oil resulted in a very low corneal uptake for the 24 h period. A burst release of CyA was observed within the first hour with the commercial CyA eye drops, followed by a rapid elimination. However, the corneal concentration of CyA, which was obtained with the CyA-HAPN~59~ microgels formulation at 24 h after topical administration, was 1455.8 ng/g of tissue. Moreover, CyA-HAPN microgels showed the highest concentration levels and the slowest elimination from the corneal tissues at several time points. This might be attributed to the bioadhesive HA polymer leading to a significant increase in the corneal uptake of CyA.

[Figure 10C](#f10-ijn-8-3587){ref-type="fig"} shows the conjunctival concentrations of CyA obtained with different formulations. The mean conjunctival CyA concentrations during 24 h ranged between 0--1467.49 ng/g of tissue for Group 1, 3882.05--557.28 ng/g of tissue for Group 2, and 4941.13--887.28 ng/g of tissue for Group 3. After 24 h of topical administration, the conjunctival concentration of CyA in the CyA-HAPN microgels group was significantly higher than that of castor oil solution and commercial CyA eye drops (*P* \< 0.05). In addition, the mean conjunctival CyA concentration of castor oil solution was the lowest of all the formulations at all time points. These results suggested that HA-g-PNIPAAm microgels could deliver CyA to the conjunctival tissue and might have a slightly increased tendency to penetrate into the conjunctiva.

CyA-HAPN microgels were broadly distributed in eye tissues, including the iris--ciliary body. As shown in [Figure 10D](#f10-ijn-8-3587){ref-type="fig"}, the iris--ciliary body concentration levels of CyA were significantly increased compared to the castor oil solution and commercial CyA eye drops at several intervals (*P* \< 0.05). Moreover, the blood concentrations of CyA after topical application were below 10 ng/mL (data not shown), indicating limited absorption and diffusion of CyA into the bloodstream, which could effectively avoid the systemic side effects.

This study clearly proved that the HA-g-PNIPAAm microgels were able to accumulate in rabbit eye tissues and release CyA, allowing the drug to work effectively. In a previous study, topical application of CyA at a concentration of 50--300 ng/g of ocular tissue was shown to suppress inflammatory and immune responses.[@b42-ijn-8-3587] In the present study, HA-g-PNIPAAm microgels formulations achieved high CyA levels in rabbit corneas (1455.8 ng/g of tissue) during the first 24 h, which were significantly higher than those from commercial CyA eye drops (*P* \< 0.05). Furthermore, the prolonged precorneal retention time of HA-g-PNIPAAm microgels would provide an intimate contact between the drug and ocular surface tissues, resulting in a high penetration of the drug into eye tissues. This remarkable enhancement of CyA concentrations in the periocular tissues after topical administration could be explained by the use of the temperature-sensitive HA-g-PNIPAAm polymer, which is believed to increase the ocular bioavailability and extend the retention time by the corneal and conjunctival surfaces.[@b43-ijn-8-3587]

Conclusion
==========

Currently, there are only a few studies on ocular formulations with promising results. Within this study, the thermosensitive microgels carrier modified by poly(N-isopropylacrylamide) was evaluated as a promising carrier for ocular drug delivery in vitro and in vivo. The thermosensitive HA-g-PNIPAAm microgels were shown to be safe and nonirritant while displaying high drug loading ability. In addition, the in vivo distribution evaluation indicated that HA-g-PNIPAAm microgels achieved significantly higher CyA concentration levels in rabbit corneas (1455.8 ng/g of tissue) than both the castor oil formulation and commercial CyA eye drops. Therefore, the thermosensitive HA-g-PNIPAAm microgels could be promising carriers for the topical administration of lipophilic drugs.
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![The synthesis route of (**A**) PNIPAAm-COOH,(**B**) AHA and (**C**) HA-g-PNIPAAm.\
**Abbreviations:** AIBN, azobisisobutyronitrile; EDC, 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide hydrochloride; PNIPAAm, poly(N-isopropylacrylamide); AHA, aminated hyaluronic acid; PNIPAAm-COOH, carboxylic end-capped PNIPAAm; HA-g-PNIPAAm, hyaluronic acid-g-poly(N-isopropylacrylamide).](ijn-8-3587Fig1){#f1-ijn-8-3587}

![FT-IR spectra (**A**) NIPAAm and (**B**) PNIPAAm-COOH recorded in KBr pellets.\
**Abbreviations:** FT-IR, Fourier transform infrared spectroscopy; NIPAAm, N-isopropylacrylamide; PNIPAA m-COOH, carboxylic end-capped poly(N-isopropylacrylamide); KBr, potassium bromide.](ijn-8-3587Fig2){#f2-ijn-8-3587}

![^1^H NMR spectra of HA and AHA and HA-g-PNIPAAm in D~2~O. (**A**) was assigned to the acetamido moiety of the N-acetyl-D-glucosamine residue of HA; (**B**) referred to the integration of methylene protons of ADH; (**C** and **D**) were assigned to --ch~3~ and --Nh-groups of PNIPAAm-COOH.\
**Abbreviations:** ^1^H NMR spectra; proton nuclear magnetic resonance; ADH, adipic dihydrazide; AHA, aminated hyaluronic acid; D~2~O, deuterium oxide; HA, hyaluronic acid; PNIPAAm, poly(N-isopropylacrylamide); PNIPAAm-COOH, carboxylic end-capped PNIPAAm.](ijn-8-3587Fig3){#f3-ijn-8-3587}

![Schematic representation of the HA-g-PNIPAAm microgels assembly and drug release process.\
**Notes:** HA-g-PNIPAAm polymers were synthesized in the first step. Then HA-g-PNIPAAm microgels were prepared by a simple sonication method in aqueous condition. The loading of CyA into microgels was achieved by incubation method. When the temperature was lower than LCST, HA-g-PNIPAAm polymers had a good solubility in water; and when the temperature was higher than LCST, HA-g-PNIPAAm polymers exhibited temperature-sensitive properties, and osmotic pressure played a major role in the drug release process.\
**Abbreviations:** CyA, cyclosporin A; HA, hyaluronic acid; LCST, lower solution critical temperature; PNIPAAm, poly(N-isopropylacrylamide); PNIPAAm-COOH, carboxylic end-capped PNIPAAm; T, temperature.](ijn-8-3587Fig4){#f4-ijn-8-3587}

![Phase transition behavior of HA-g-PNIPAAm microgels at (**A**) 2 wt% and (**B**) 5 wt%.\
**Abbreviation:** HA-g-PNIPAAm, hyaluronic acid-g-poly(N-isopropylacrylamide).](ijn-8-3587Fig5){#f5-ijn-8-3587}

![The influence of (**A**) shear rate and (**B**) temperature on the microgels' viscosity. The subscript numbers represent the degree of substitution of PNIPAAm-COOH.\
**Abbreviation:** HA-g-PNIPAAm, hyaluronic acid-g-poly(N-isopropylacrylamide).](ijn-8-3587Fig6){#f6-ijn-8-3587}

![(**A**) TEM image of CyA-HAPN~59~ microgels. (**B**) Enlargement of (**A**). (**C**) 2D and (**D**) 3D AFM images of CyA-HAPN~59~ microgels.\
**Abbreviations:** AFM, atomic force microscopy; CyA-HAPN~59~ microgels, CyA-loaded HA-g-PNIPAAm~59~ microgels; TEM, transmission electron microscopy; HA, hyaluronic acid; PNIPAAm, poly(N-isopropylacrylamide); CyA, cyclosporin A.](ijn-8-3587Fig7){#f7-ijn-8-3587}

![Accumulative release profiles of CyA-HAPN microgels at predetermined temperatures.\
**Note:** Each value represents the mean ± SD (n = 3).\
**Abbreviations:** CyA-HAPN microgels, CyA-loaded HA-g-PNIPAAm microgels; SD, standard deviation; HA, hyaluronic acid; PNIPAAm, poly(N-isopropylacrylamide); CyA, cyclosporin A; h, hours.](ijn-8-3587Fig8){#f8-ijn-8-3587}

![Eye irritation assessment profiles of CyA-HAPN microgels (**A**) and CyA eye drops (**B**) in rabbits.\
**Abbreviations:** CyA-HAPN microgels, CyA-loaded HA-g-PNIPAAm microgels; HA, hyaluronic acid; PNIPAAm, poly(N-isopropylacrylamide); CyA, cyclosporin A.](ijn-8-3587Fig9){#f9-ijn-8-3587}

![Biodistribution of CyA in rabbit eyes after topical administration of CyA solution in castor oil, CyA eye drops, and CyA-HAPN microgels (500 μg CyA). (**A**) Tear fluid; (**B**) cornea; (**C**) conjunctiva; (**D**) iris/ciliary.\
**Notes:** Data are presented as mean ± standard deviation (n = 3). \*Differs from oil solution and commercial eye drops, *P* \< 0.05.\
**Abbreviations:** CyA, cyclosporin A; CyA-HAPN microgels, CyA-loaded HA-g-PNIPAAm microgels; HA, hyaluronic acid; PNIPAAm, poly(N-isopropylacrylamide); h, hours.](ijn-8-3587Fig10){#f10-ijn-8-3587}

###### 

Characteristics of a series of HA-g-PNIPAAm microgels and CyA-HAPN microgels

  Samples                                                      Feed ratio[b](#tfn3-ijn-8-3587){ref-type="table-fn"}   DS[c](#tfn4-ijn-8-3587){ref-type="table-fn"}   Size (nm)     Zeta potential (mv)   pH            Osmotic pressure (osmol · kg^−1^)
  ------------------------------------------------------------ ------------------------------------------------------ ---------------------------------------------- ------------- --------------------- ------------- -----------------------------------
  HA-g-PNIPAAm~23~[a](#tfn2-ijn-8-3587){ref-type="table-fn"}   1:1                                                    23                                             405.4 ± 4.7   −26.08 ± 0.43         6.68 ± 0.22   0.268 ± 0.23
  CyA-HAPN~23~[a](#tfn2-ijn-8-3587){ref-type="table-fn"}                                                                                                             387.8 ± 6.6   −22.80 ± 0.54         6.44 ± 0.45   0.271 ± 0.32
  HA-g-PNIPAAm~48~[a](#tfn2-ijn-8-3587){ref-type="table-fn"}   1:2                                                    48                                             243.9 ± 3.4   −24.52 ± 0.67         6.52 ± 0.19   0.301 ± 0.29
  CyA-HAPN~48~[a](#tfn2-ijn-8-3587){ref-type="table-fn"}                                                                                                             222.6 ± 5.7   −22.05 ± 0.21         6.13 ± 0.12   0.261 ± 0.12
  HA-g-PNIPAAm~59~[a](#tfn2-ijn-8-3587){ref-type="table-fn"}   1:3                                                    59                                             188.6 ± 5.2   −23.99 ± 0.51         6.02 ± 0.16   0.289 ± 0.44
  CyA-HAPN~59~[a](#tfn2-ijn-8-3587){ref-type="table-fn"}                                                                                                             165.8 ± 4.8   −21.88 ± 0.06         6.17 ± 0.24   0.254 ± 0.39

**Notes:** Each value represents the mean ± SD (n = 3);

The number represents the degree of substitution of PNIPAAm-COOH;

molar feed ratio of PNIPAAm to sugar residues of HA polymer;

degree of substitution of PNIPAAm-COOH.

**Abbreviations:** CyA, cyclosporin A; CyA-HAPN, CyA-loaded HA-g-PNIPAAm microgels; DS, degree of substitution; HA, hyaluronic acid; HA-g-PNIPAAm, HA-g-PNIPAAm microgels; PNIPAAm, poly(N-isopropylacrylamide); SD, standard deviation.

###### 

Drug loading efficiency of various CyA-HAPN microgels

  Incubation time (h)   Drug loading efficiency           
  --------------------- ------------------------- ------- -------
  24                    34.26                     42.59   53.47
  48                    43.07                     43.79   61.12
  72                    53.58                     58.20   73.92

**Note:**

The number represents the degree of substitution of PNIPAAm-COOH.

**Abbreviations:** CyA-HAPN microgels, CyA-loaded HA-g-PNIPAAm microgels; h, hours HA, hyaluronic acid; PNIPAAm, poly(N-isopropylacrylamide); CyA, cyclosporin A.

###### 

Score obtained from eye irritation assessment of CyA-HAPN microgels and commercial CyA eye drops in New Zealand White rabbits

  Lesion                                                                                                       Score for each lesion   Score obtained from assessment   
  ------------------------------------------------------------------------------------------------------------ ----------------------- -------------------------------- ---
  A-conjuctival edema (chemosis)                                                                                                                                        
   No swelling                                                                                                 0                       0                                1
   Any swelling                                                                                                1                                                        
   Prominent swelling along with partial lid eversion                                                          2                                                        
   Swelling with half-closed lids                                                                              3                                                        
   Swelling with totally closed lids                                                                           4                                                        
  B-redness in conjunctiva                                                                                                                                              
   Absent                                                                                                      0                       0                                0
   Abnormal conjunctival injections                                                                            1                                                        
   More diffuse and deeper hyperemia, separate vessels cannot be seen easily                                   2                                                        
   Diffuse and dense hyperemia                                                                                 3                                                        
  C-secretion                                                                                                                                                           
   Absent                                                                                                      0                       0                                1
   Any abnormal secretion                                                                                      1                                                        
   Secretion leading to wet eye lashes closer to lids                                                          2                                                        
   Secretion leading to wet lids and whole periorbital area                                                    3                                                        
  D-corneal opacity                                                                                                                                                     
   Absent                                                                                                      0                       0                                0
   Scattered or diffused areas-detail of the iris discernible                                                  1                                                        
   Easy discernible, transparent areas, detail of the iris slightly darkened                                   2                                                        
   Opalescent areas, no details of the iris discernible, size of the pupil barely discernible                  3                                                        
   Opaque cornea, iris not discernible                                                                         4                                                        
  E-iris involvement                                                                                                                                                    
   Absent                                                                                                      0                       0                                0
   Pronounced deep folds, congestion, deep swelling, circumcorneal injection, the iris still reacts to light   1                                                        
   No response, hemorrhage, marked destruction                                                                 2                                                        
  Total score                                                                                                  0                       2                                

**Abbreviations:** CyA, cyclosporin A; CyA-HAPN microgels, CyA-loaded HA-g-PNIPAAm microgels; HA, hyaluronic acid; PNIPAAm, poly(N-isopropylacrylamide).
